Abstract. The thermal signatures of free-surface wakes observed in the open ocean show that the recovery of the cool skin layer is related to the degree of surface mixing and to ambient environmental conditions. Wakes produced by two surface-piercing cables of O(10 -2 m) in diameter are analyzed using infrared imagery. Under low-wind-speed conditions when the swell and surface current were aligned, the wakes exhibited distinctive patchlike features of O(1 m) in diameter that were generated by the passage of individual waves. The time t, required by the skin layer to recover from these disturbances is compared to the surface-renewal timescale x used in heat and gas flux models. At low wind speeds, t, is comparable to x, but at moderate wind speeds the agreement is poor. The spatial and temporal variations in the skin temperature of these wakes are related to a wave Reynolds number used to characterize the strength of the disturbance due to the waves. The recovery process is characterized in terms of the restoring internal energy flux Jr which is proportional to both the initial thickness and the thermal recovery rate of the skin layer and was found to be directly related to the strength of the surface disruption. Comparison of the wake results with laboratory and other field measurements of breaking waves implies that Jr is also a strong fimction of the net heat flux and background turbulence, which relate directly to the existing environmental conditions such as wind stress and sea state. Our results demonstrate that Jr may vary by several orders of magnitude, depending on the environmental conditions.
Introduction
The temperature difference across the thermal boundary layer at the ocean surface is recognized as being relevant to satellitebased measurements of sea surface temperature [Schliissel et al., 1990; Harris and Saunders, 1996] and to the accurate estimation of air-sea fluxes of gas and heat [Robertson and Watson, 1992; Van Scoy et al., 1995; Fairall et al., 1996] . Because the net heat flux through this thermal "skin layer" is normally from the ocean to the atmosphere, observations show that the "skin temperature" is typically 0.1 o to 0.5øC less than the bulk temperature immed iately below [Katsaros, 1980; Robinson et al., 1984 ]. An infrared radiometer is ideally suited for measuring the skin temperature 
U, where v is the kinematic viscosity. Saunders [ 1967a] asserted that the average bulk-skin temperature difference, AT = T b -T s, can be described by and as described in random-eddy penetration models [Harriott, 1962] . Accordingly, the thickness of the skin layer •5 varies over space and time as eddies intermittently penetrate the layer. In contrast to the surface-renewal timescale, the skin layer recovery time t, characterizes the diffusive process following disruption of the surface by a renewal eddy or other turbulent event. For a cool skin layer, Figure 1 b illustrates how warmer bulk water mixes to the surface, so that immediately after a disruption the skin temperature Ts is approximately equal to the bulk temperature Tb. As the turbulence gradually decays, Ts returns to its original value after a time t,. At times, multiple renewal events successively disrupt the skin layer before the initial disturbance has had a chance to recover fully. Furthermore, a sufficiently energetic and enduring disruption may delay the onset of recovery for a finite time. As the strength of the disturbance increases, the where k is the thermal conductivity and Qnet is the net heat flux across the skin layer (positive into the ocean). For a given Qnet, •5 defines AT and is controlled by the near-surface turbulence intensity in the water. This interpretation of the dependence of AT on •5 is consistent with the idea that the recovery of the skin layer is directly related to the decay of turbulence as observed by Ewing and McAlister [ 1960] and shown by Jessup et al. [ 1997a] . However, we expect that the skin layer recovery process will depend not only on the strength of the disruption but also on the net heat flux and the intensity of the background turbulence, as (1) and (2) imply.
Wick et al. [ 1996] have shown the similarity among theoretical models for AT when x and •5 are represented by the Kolmogorov time and length microscales as derived from the turbulent dissipation rate. Since x, as well as •5, is not constant as the nature of turbulence changes, Soloviev and Schliissel [1994] proposed a variable timescale for the surface-renewal process to account for the difference between turbulence generated in the freeconvective [Foster, 1971 ] and shear-driven [Csanady, 1990] regimes. Within a given regime, energetic turbulent events such as breaking waves may enhance the surface-renewal rate within the wake of a skin layer disruption.
Here we present nighttime observations and analysis of the infrared signatures of free-surface wakes generated by surfacepiercing cables deployed from R/P Flip under environmental conditions that varied from free to moderately forced convection. We demonstrate that the agreement between x and t, depends on the environmental conditions. The skin layer recovery process is characterized in terms of the restoring internal energy flux Jr, which is directly proportional to both the initial thickness and the rate of thermal recovery of the skin layer. The results show that the skin layer recovery process is directly related to the strength of surface disruption and is dependent on the net heat flux, wind stress, and sea state.
Field Experimental Procedure
In January 1992, infrared images of the sea surface were collected 400 nautical miles (740 km) off the coast of San Diego aboard R/P Flip. age size of 140 x 140 pixels. We used a wide-angle lens to provide a 40 ø field of view which significantly distorted the image, necessitating a correction scheme for quantitative analysis [Zappa, 1994] . At 10 m above the ocean surface and an incidence angle of 20 ø, the imager viewed an area roughly 7.7 m wide at the base, 10.0 m wide at the top, and 9.3 m long.
In conjunction with the infrared imager, we measured the skin temperature with a Heimann model KT-19 infrared radiation thermometer to an absolute accuracy better than + 0.1 øC [Zappa, 1994] 
Observations and Results of Free-Surface
Wakes Figure 2 shows the two surface-piercing instrument cables that were deployed from the port boom of the freely drifting R/P Flip. The infrared signature of the disruption of the skin layer by the cables provided a means to detect and characterize the freesurface wakes that were continuously generated. The disturbance produced by the relative flow past the cables ruptured the cool skin layer and mixed the warmer bulk water from below to the surface. The appearance of the wake signatures varied with envi-ronmental conditions and was categorized as "ordered," "wispy," and "convective" (see Table 1 From recordings of the infrared images, we observed that the relative surface drift past R/P Flip was aligned with the swell which approached from the west. The large, turbulent patches coupled with the long, slender wakes indicate a periodic flow. The interaction of the swell waves with the current produced large variations in the relative flow past the cables, resulting in this distinctive periodic wake structure.
As the crest of a wave propagated past the relatively stationary cable, it induced a large surface motion that produced a long, slender wake. patches completely recovered before drifting out of the field of view. Extrapolating the complete evolution and decay cycle for the patch with the largest Rew produced a lifetime of 120 s. dessup et aL [ 1997a] recently demonstrated that the skin layer recovery rate scales with the energy dissipation rate in the wakes of breaking waves. Larger breaking waves dissipate more energy and produce more turbulence, resulting in slower skin layer recovery rates. For dimensional consistency their results were presented in terms of a "restoring heat flux" which they defined as the rate of heat transfer per unit area required to reestablish the skin layer. Here we reinterpret this parameter and identify it by the more physically descriptive designation of the restoring internal energy flux dr. When the cool skin layer is disturbed and replaced by warmer water from below, heat must be lost within a layer of original thickness/5 for the cool skin layer to recover.
Therefore the restoring internal energy flux is defined as the rate of decrease in internal energy of a cool skin layer per unit area during the recovery process and is given by Jr :(pCp•)Rt'
where p is the density of water, Cp is the specific heat of water, and R t is the recovery rate of the skin layer. dessup et al. [ 1997a] showed that dr was correlated with measures of the energy dissipation rate per unit area due to large-scale breaking waves in the field and laboratory. In general, the thermal and spatial signatures of the patches show that the skin layer disruptions produced by larger waves ret=O.Os t= 1.1 s t=5.9s
wave field, we observed that longer and more energetic swell waves produced a longer lasting and stronger disturbance, resulting in larger and more persistent patches. Figure 7 shows a snapshot of these wispy wakes (see Table 1 . Nevertheless, the level of turbulence generated in the wake of the cable was responsible for its slow recovery, implying that the timescale for skin layer recovery is directly related to the level of disruption. Hasse [1990] proposed that the skin layer recovery time t, may be used to estimate the surface-renewal timescale x. Since our results vary over conditions ranging from low to moderate wind speed regimes, we evaluate the comparison using the For the ordered wakes, Rfo was -3.25 x 10 -3, indicating free convection conditions, and Xc = 67.6 s. This value is comparable to the measured t, values ranging from 35 to 120 s, suggesting that for this low-wind-speed regime, t, may be appropriate for estimating x. Our results, however, show that t, is a function of the strength of the disturbance since the environmental conditions remained constant whereas t, varied with Rew. For the wispy wakes, Rfo was -1.3 x 10 -5, indicating that shear played the dominant role in the near-surface processes, and Xs = 6.3 s. This value is nearly an order of magnitude greater than the measured value of t, of O(10 -1 s). During this same time period, wakes produced by breaking waves had comparable recovery times [Jessup et al., 1997a] . These results suggest either that t, may not be an appropriate estimate for x in this shear-driven regime or that Xs is an inappropriate parameterization for x. Nonetheless, a comparison of the ordered wake results and the wispy wake results demonstrates that t, depends on the intensity of background turbulence and the net heat flux.
Infrared images of the sea surface reveal characteristic features that can be attributed to these specific turbulence regimes. The uniform background for the wispy wakes depicted in Figure 7 was produced by the well-mixed near-surface layer and is typical of our infrared observations made during shear-driven conditions. In contrast, the infrared images in Figure 8 
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trast to the ordered wakes shown in Figure 8a, Figure 8b shows a puffy patchiness that existed under these strongly free convective conditions. These convective features are comparable in size and AT w to the ordered wake signatures in Figure 8a ; note that the ordered wakes and the boom reflection of Figure 8a also appear in Figure 8b . The convective features persisted for several minutes while propagating through the images, suggesting that the turbulence generated within these patches was comparable to that in the ordered wakes. 
Dependence of Skin Layer Recovery Rate on the Strength of Disturbance and Net Heat Flux
Skin layer recovery times are difficult to determine precisely because the disturbances cannot always be tracked until complete recovery. Sometimes, successive events will disrupt the skin layer before the initial disturbance has had a chance to recover fully. Measuring the skin layer recovery rate R t alleviates these problems and provides additional information about the magnitude of AT. As demonstrated in Figure 5 , the results of our field study of ordered wakes suggest a direct relation between Jr, which is proportional to R t, and the level of turbulence produced by the dis- The difference between the magnitudes of Jr in the low and moderate wind speed regimes shows that the skin layer recovery is a function of the initial condition of the skin layer and the net heat flux as well as of the strength of the disturbance. The initial condition of the skin layer is determined largely by the background shear-induced turbulence in the upper ocean. We have shown that for environmental conditions that remained constant, the restoring internal energy flux varied less than an order of magnitude as a function of the strength of the disruption. However, as environmental conditions such as wind stress and net heat flux became more intense, the meanJ r increased roughly an order of magnitude. The enhanced background turbulence accelerated the net heat flux and transferred more heat from the surface and out of the recovering skin layer. Furthermore, the turbulence generated by the disruption in excess of the background turbulence was considerably less than that generated under low or no wind conditions. Since more background turbulence existed, the excess turbulence diffused more rapidly, increasing the restoring internal energy flux. In fact, although Qnet increased only 36% from the ordered wake case to the wispy wake and breaking-wave cases, the average Jr increased by a factor of 20, implying that the increased recovery rate was due mostly to background turbulence rather than to Qnee This implies that for the same Qnet and strength of the disturbance, Jr will be greater when the background turbulence is greater.
Conclusions
Measurements of skin temperature made aboard R/P Flip show that infrared imagery is a useful tool for visualizing and quantifying turbulent disruptions of an air-water interface. We measured the infrared signatures of wakes from cables and found that the timescale for the thermal recovery of the skin layer is related to the strength of the wave-induced disruption in terms of a wave Reynolds number Re• The size and shape of the disturbances produced by the cables were strongly dependent on the oscillatory characteristics of the flow due to the presence of waves and surface currents. As Rew increased, the patches became larger, persisted longer, and reached their peak size later. Nonetheless, t, values measured at low wind speed for ordered free-surface wakes were comparable to the parameterized timescale for surface renewal based on free convection Xc. However, at moderate wind speeds the difference between t, and x becomes apparent. For both wispy, free-surface wakes and breaking waves, t, is an order of magnitude less than the parameterized shear-induced timescale Xs. Other than the explicit physical difference between t, and x, a possible reason for this discrepancy is that Xs is not an appropriate parameterization for x. Therefore, if t, is to be used as an estimate for x at moderate wind speeds, mechanisms responsible for the enhancement of surface renewal such as microscale and large-scale wave breaking need to be addressed in future parameterizations of Xs. Recent measurements by Jessup et al. [1997b] suggest that the strong eddies that have been associated with surface renewal in wind wave experiments [Komori et al., 1993 ] may be due to microscale wave breaking.
The restoring internal energy flux Jr, which is proportional to both the initial thickness and the thermal recovery rate of the skin layer, describes the rate of decrease in internal energy of a cool skin layer per unit area during the wake recovery. The restoring internal energy flux was found to be directly related to the strength of the disruption, represented in terms of a wave Reynolds number Rew for the ordered wakes. Laboratory measurements of breaking waves without wind showed comparable values for Jr as a function of the energy dissipation rate E at a constant air-water temperature difference ATaw. In the laboratory the restoring internal energy flux was correlated with the net heat flux since Jr increased as a function of ATaw for all E. Analysis of field measurements of wispy wakes and breaking waves at moderate wind speeds showed considerably greater restoring internal energy fluxes than the low wind speed results. The large variation of Jr among these field and laboratory results suggests that the skin layer recovery rate is a strong function of the initial state of the skin layer, which relates directly to the existing environmental conditions (i.e., near-surface background turbulence and net heat flux). For a given set of environmental conditions the restoring internal energy flux varied less than an order of magnitude as a function of the strength of the disruption. For varying environmental conditions, however, Jr potentially may vary by several orders of magnitude. Therefore the existing background turbulence, coupled with the net heat flux, plays a significant role in regulating the recovery rate of the skin layer and may prove to be more important than the strength of the disturbance.
Appendix A: Reflection Effects
In Figure 8 the infrared boom reflection causes an apparent change in sea surface temperature roughly 0.4øC greater than the background temperature, owing to the nonunity emissivity of the ocean surface. We found that, in general, the infrared reflection of the instrument boom corresponded directly to its visual reflection. While the boom's infrared reflection caused an apparent change in temperature, the instrument cables shown at top left of Figure 8 They argued that the effect of reflected radiation from the boom was negligible and was described by
